Abstract-There exist no analyses which identify the appropriate linear combinations of LP modes with the corresponding weakly guiding hybrid modes without reference to the rigorous vector modes. In this paper we show that this can simply be done by applying Snitzer's criterion [4] to the fields corresponding to the appropriate linear combination of LP modes.
I. INTRODUCTION
T HE LP-MODES of a given fiber are much easier to obtain in comparison to its vector modes. However, the latter are required to study the effects for which polarization properties of the fields are important. As such, techniques have been developed to obtain, to a good approximation, the polarization properties of the vector modes from the LP-modes. These techniques are based on the first-order perturbation theory [l]- [3] for which the unperturbed fields are generated through linear combinations of the LP-modes.
In general, the LP /m -modes have a four-fold degeneracy (2-fold for / = 0 modes) and one obtains four degenerate zero-order vector modes (weakly guiding vector modes) which correspond to even and odd HE and EH modes. The identification of these modes with the corresponding linear combinations has generally been done [l]- [3] on the basis of similarity of field patterns with the rigorous vector modes in step-index fibers for which the nomenclature criterion was proposed by Snitzer [4] . Later Kurtz [5] , [6] used this criterion for modes in graded-index waveguides. However, in both these cases the starting point has been the rigorous vector modes. To the best of our knowledge, there exist no analyses which identify the linear combinations of LP-modes with the corresponding weakly guiding hybrid modes directly without reference to the rigorous vector modes. In this paper, we show that this can be simply done by applying Snitzer's criterion to the fields corresponding to the appropriate linear combinations of the LP-modes.
In Section II, we briefly describe, following Sharma [7] , how to arrive at the correct linear combinations of LPmodes and in Section III, we show how Snitzer's criterion [4] can be applied to these linear combinations to identify various zero-order vector modes.
II. LINEAR COMBINATIONS OF LP-MODES
Although, the LP-modes are the solutions of the zeroth order vector wave equation, they are not the true zeroth order vector modes since they do not satisfy the boundary conditions. This can be seen immediately if we consider an ^-polarized LP-mode, then the x-component of the electric field E x must be continuous at r = a (where a is the core radius and the fiber axis is along the z-axis). However, since E x is a tangential component only at y = ±a, rigorously speaking it would not be continuous at r = a for all values of the azimuthal coordinate 4>. Hence the LP-modes cannot represent the polarization of the actual vector modes even in the weakly guiding approximation. Since the LP-modes are degenerate (i.e., they can be x or y polarized) one can choose the appropriate linear combination of these (LP) modes which satisfy the necessary continuity conditions; these are the zeroth order vector modes referred to above. We follow the analysis given by Sharma [7] which is essentially based on the fact that for cylindrically symmetric systems (i.e., n 2 (r, </ >) = n 2 (r)) the boundary conditions that must be rigorously satisfied are the continuity of E z and £ 0 (which represent tangential components) and n 2 E r at each refractive index discontinuity. Thus to obtain the vector modes it is the 0-dependence of the fields E r , E^ (not E x , E y ) and E z that must be of the form cos l(j> and sin l<j>. Hence the zeroth order vector modes can be obtained from the LP-modes by choosing such combinations that give the <£-dependence of E r or E^ to be of the form cos / </ > or sin l<j>. This leads to the following linear combinations [7] that represent zeroth order vector modes (for each value of / and m): 
The above equations show that the linear combinations in (1) have the appropriate 0-dependences for E r and E^ and the four degenerate modes in (1) represent the zeroth order approximations to the hybrid vector modes which are termed as HE and EH-modes. In the next section we show how these four modes are identified as the corresponding HE or EH modes.
III. IDENTIFICATION OF ZEROTH ORDER VECTOR MODES
The nomenclature of the hybrid modes in fibers was proposed by Snitzer [4] and it is based on the ratio of the longitudinal electric and magnetic fields. Thus, we define a quantity
The derivative in the denominator with respect to 0 is included to make P independent of 0, since H z and E z have mutually orthogonal 0-dependences. The sign of P decides whether a particular linear combination corresponds to a HE or a EH mode. In order to obtain the z-components of the zeroth-order vector modes, we make use of Maxwell's curl equation
components of which can be written as
where
Further, we have assumed the fields to be nearly transverse which is valid in the weakly guiding approximation (i.e., ri\ -n 2 ) and have neglected E z and H z in comparison to the transverse field components. Similarly from the equation
we have
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Equations (8) and (9) can be simply manipulated to obtain
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G(r) = dr
From above we see that for / = 1, mode 1 has H z = 0 and therefore it corresponds to transverse magnetic (TM) mode and mode 4 has E z = 0 and therefore it corresponds to transverse electric (TE) mode. In order to classify the hybrid modes, we calculate P for modes 1-4. Simple calculations show that
for modes 1 and 4
for modes 2 and 3.
Now, for / = 0, P is negative for all modes. In fact modes 1 and 2 and modes 3 and 4 are identical. Further, LP O i is the lowest mode and hence, corresponds to the lowest vector mode -HE U mode. Thus, we can classify modes using the following criterion [4] :
for HE-modes = +ve, for EH-modes.
In this manner, we see that the four linear combinations represented by modes 1-4 are identified as the hybrid modes as follows: where the first quantum number on hybrid modes / -1 or / + 1 comes from the </>-dependence of E z and the mode is termed as even or odd according to cosine or sine factor in E z .
IV. SUMMARY
In this paper, using Snitzer's criterion, we have shown that starting from the appropriate linear combinations of LP modes, the weakly guiding approximation of the hybrid modes can be easily obtained without any reference to the rigorous vector modes.
